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Abstract 
 
 
This project is a continuation of previous senior projects’ work on Energy Harvesting from Exercise 
Machines (EHFEM). EHFEM seeks an alternative DC to DC converter to function within the existing 
exercise bike system. Implementing this new DC to DC converter aims to avoid previous complications 
other groups encountered, such as only running at low load currents, exceeding an input threshold 
voltage to begin operation, and performing at low efficiency. In developing this self-generating exercise 
bike, Cal Poly wishes to incorporate an array of energy-harvesting exercise machines in its Recreation 
Center expansion scheduled for completion in 2012. 
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Introduction 
 
 
Here at Cal Poly, renovation currently (in Spring 2010) takes place. From the University Union Plaza to 
the Center for Construction Excellence, the campus undergoes a major remodeling, which includes the 
Cal Poly gym.  
 
The EHFEM project proposes the idea of a renovated gym that includes modified exercise machines to 
generate electrical energy. The Mechanical Engineering (ME) and Electrical Engineering (EE) 
departments have contributed to the progress made on EHFEM. In 2009, four ME students developed 
the EcoGen bike [1], enabling a rider to generate a DC voltage by pedaling. EE students Chris Henry and 
Henry Ureh developed a DC-DC converter for the exercise bike [2], which allows storage of the 
generated energy into a 12-volt lead acid car battery.   
 
However, when we encountered the bike system, its shortcomings motivated us to improve upon it. We 
mainly wish to improve upon the DC-DC converter stage and to make it both easier and more efficient to 
store the generated energy in the battery. These developments provide a pivotal intermediate step to 
the final goal of the EHFEM project, allowing the rider’s generated energy to be sent back to the power 
grid.  
 
In addition to this project, other senior projects this quarter aim to upscale the project so that 
eventually renovation and sustainability will coincide.  
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Requirements 
 
 
1. We desire a sturdy and durable system; it is part of a mechanical system in use and may incur 
accidental impacts.  
I. A chassis must contain the system for durability and safety. 
 
2. The system should pose no threat of electrical shock to a user. 
 
3. The system’s long-term operational benefits should outweigh the costs of construction. 
 
4. The system should meet all of the design stipulations stated below: 
I. Circuit should receive large variable DC voltage on the input  
II. Circuit should output a constant DC voltage  
III. Circuit should begin output without needing to meet an initial threshold voltage 
IV. Circuit should output a maximum load current 
 
5. The addition of the system to the exercise equipment should in no way change the user’s 
workout experience 
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Specifications 
 
 
1. Our circuit should receive 4-36 volts variable DC voltage on the input, generated by the bike. 
 
2. The converter should output the constant value of 13.7 volts required by the charge controller. 
 
3. The circuit should begin output immediately without needing to reach an initial threshold 
voltage other than the minimum input voltage the chip requires (4 volts). 
 
4. Our converter should have full load capabilities up to 5 amps. 
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Project Goals, Motivation, Context, and Justification 
 
 
Goals 
Our project goals are (1) to develop an electrical system capable of harvesting energy that a user 
generates on an exercise bike, (2) to store this energy in a battery, and (3) to create a prototype that 
manufacturers can efficiently replicate for use on multiple machines in the remodeled Cal Poly gym. 
  
Motivation, Context, and Justification 
To meet the planet’s growing energy needs, companies around the world research and develop 
increasingly advanced, as well as environmentally sustainable, technologies. Accordingly, these 
companies have progressed recently in the fields of wind, solar, and nuclear power. However, there also 
exists a largely untapped resource that contains great potential to help solve the energy problem. 
 
Every day, exercise equipment users produce kilowatts of energy just by doing a daily workout. 
However, they produce this energy in mechanical form rather than electrical form. Herein lies a big 
problem: wasted energy! Fortunately, some modifications to the workout equipment allow conversion 
to the more useful form of energy: electrical. Individuals can then harvest, save, and use this energy at a 
later time.   
 
Fortunately for our group, a previous senior project already modified the bike so that it outputs 
electrical energy. Therefore, our group focuses on increasing the efficiency of the converter and 
developing the necessary intermediate steps before the battery can store the energy. This provides 
future groups with the opportunity to focus on the next step: to deliver the electricity generated back to 
the power grid. 
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ABET Senior Project Analysis 
 
Economic 
To make this system economically viable, our implementation must at the very least pay for itself over 
its lifespan and help reduce the energy costs of Cal Poly’s gym.  
 
In order to pay for itself, the system’s savings over its lifespan must exceed the costs associated with its 
manufacture, installation, and maintenance. Our design’s energy conservation lowers the amount of 
energy required to power the Cal Poly gym, which in turn translates into savings in dollars.  
 
Additionally, the ideal project not only pays for itself, but also creates long-term energy savings over its 
entire period of operation. This also benefits the school economically because the total amount of 
savings will outweigh the costs of system implementation.  
 
Environmental 
To make our design environmentally friendly, we aim to construct the final product out of mostly 
recyclable materials. This way, the design does not leave a large natural resource footprint, while 
making the device’s disposal environmentally safe and practical, leaving behind minimal harmful 
byproducts.  
 
Our final product also benefits environment preservation. The successful design lessens the burden on 
traditional sources of generating energy. These traditional sources consume scarce fossil fuels and often 
leave behind toxic byproducts. Our product instead captures other sources’ otherwise wasted energy, 
and the only environmental cost is the raw construction materials.  
 
Sustainability 
Our product promotes sustainability by creating the first step to developing a self-sustaining recreation 
center. Currently, the exercise bikes at the gym have internal circuitry to produce energy while working 
out that is used only to power the equipment itself and additional attachments such as the display and 
user interface. Our addition to the existing design will allow for the collection and storage of this energy, 
which can be used to power the gym’s lights, televisions, fans, etc.  
 
Additionally, our device should not require much regular maintenance as well as perform reliably for 
long periods of time. We provide a sturdy and durable design to accomplish this. 
 
Manufacturability 
The cost of assembly contributes to our device’s largest manufacturing constraint. We need a design 
that the customer can afford. To this end, we must keep the cost of materials as low as possible, without 
sacrificing performance, in an effort to attract potential customers. Finally, we must develop a relatively 
easy-to-fabricate design to avoid the extra costs associated with advanced manufacturing methods.   
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Ethical 
As with any engineering project, we must ensure ethics in every aspect of product design, 
implementation, and disposal. Ethics is a branch of philosophy that deals with values relating to human 
conduct. The most appropriate form of ethics in this regard is from a utilitarian standpoint—that is, the 
morality of an action is based on its utility to provide happiness to the majority. Cal Poly will save power, 
which means more power to send elsewhere, such as central coast communities. If Cal Poly saves 
power, it also saves the money that would buy that power.  This may not be a substantial amount of 
power, but without our product this power would be wasted; a small gain is still a gain. The money 
saved leads to less money to run Cal Poly facilities, and eventually trickles down to students saving 
money on tuition. In addition to conserving power and money, Cal Poly will take pride in supporting 
their own students’ senior projects while gaining environmentally friendly equipment. Therefore, this 
project favors the majority. 
 
Health and Safety 
Not only will users’ physical health benefit from our project, but their mental health will as well. 
Knowing he or she saves energy and money, while losing weight and building cardiovascular strength, 
comfort the user. Individuals are likely to be more inclined to exercise given these additional benefits. 
 
Also with any engineering project, health and safety are prominent concerns. While designing and 
testing, we had to take further precautions than taken in lab because of significantly higher currents. We 
solder components ourselves; we prevent setting down the soldering iron and ensure use of needle-
nose types of tools.  
 
Additionally, our system cannot in any way pose a safety threat to the user. More specifically, there will 
be no chance of the user getting shocked or burned. A chassis enclosure must protect the equipment 
from liquid spills due to the likelihood of water bottles being nearby.  
 
Social 
To impress and to gain business, we as engineers must design the product around people.  This will 
increase competitiveness and value, while triggering innovation. Martin Luther King, Jr. once said, “The 
means by which we live have outdistanced the ends for which we live. Our scientific power has outrun 
our spiritual power. We have guided missiles and misguided men.” [3] This quote shows that some 
critics, such as the great Dr. King, suggest embracing technology just because of its availability negatively 
affects society. However, unlike video games and television, our product will inspire improvement from 
companies in terms of energy efficiency. This project will allow the Rec. Center to soon use only “green” 
bikes. If they do not, students will turn to alternative gyms such as Club 24 or Gold's Gym if people know 
these places have the environment in mind, just like more and more drivers are turning to hybrid 
vehicles. 
  
7 
 
Political 
Finding new ways to use less power has been a key issue of governmental debates. Now more than 
ever, our country needs new ways to conserve. There have been several disasters in terms of power; the 
California electricity crisis in 2000 and 2001 and the quick rise in gasoline prices in 2008, just to name a 
few. We contribute to this cause and hope to motivate other power electronics engineers to advance 
our product while power systems engineers upscale the project locally at first (the Rec. Center), and 
eventually worldwide.   
 
Fortunately, the technology to avoid dependence on oil exists, but the difficulty comes with 
implementation. This may seem to be a never-ending battle, but under the proper leadership, our 
country will conquer this task. The Manhattan Project exemplifies a task completed rather quickly, 
considering its magnitude. Once Franklin D. Roosevelt authorized it, “in just a few years, creative, 
determined people defined a complex new technology and built an entire industry to isolate the 
materials for the first few atomic bombs.” [4] The landing on the moon is another instance of people 
executing under pressure. In John F. Kennedy’s speech to Congress in 1961 he said, “I believe that this 
nation should commit itself to achieving the goal, before this decade is out, of landing a man on the 
moon and returning him safely to the earth.” [5] And remarkably, man achieved! Similarly, our project 
could lead to something, too. 
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Design 
 
 
Figure 1 shows the overall block diagram for EHFEM for the exercise bike and where our project comes 
into play. 
 
The ME students in 2009 developed the first stage of the overall system. They converted a stock exercise 
bike’s flywheel and connected it to a three-phase AC motor. A rectifier attached to the motor provides 
the DC voltage whose magnitude depends on the rider’s pedaling intensity.  
 
Our project, the second stage of the block diagram, regulates the bike’s varying DC output voltage into a 
constant voltage required by a battery charge controller. This is accomplished by designing a buck-boost 
DC-DC converter to improve upon the work of the EE group of 2009.  
  
The ME students’ project also provides the system’s final stage, the battery and battery charger. This 
consists of Morningstar’s ProStar PS-30 12-volt 30-amp charge controller [6] connected across a 12-volt 
lead-acid car battery. The charge controller contains all of the necessary circuitry required to charge the 
battery as long as it receives its required DC input of approximately 14 volts. 
 
 
 
 
 
 
 
  
Exercise Bike  
with Rectifier 
 
(Already Completed) 
Buck-Boost DC-DC 
Converter 
 
(Our Project) 
Charge Controller 
and Battery 
 
(Already Completed) 
Figure 1: Overall Block Diagram 
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Topologies Considered 
 
1. Non-Isolated Buck-Boost Converter 
Buck-Boost converters very efficiently output a constant voltage given a large input voltage 
range. We list two examples here: 
I. LM5118: 3V – 75Vin Buck-Boost DC-DC controller 
II. LTC3780: 4V – 36Vin High-Efficiency Buck-Boost DC-DC controller 
 
2. Isolated Buck-Boost Converter (Flyback topology) 
The flyback converter has some advantages over the buck-boost converters mentioned above. 
For instance, they isolate the systems from surges in grid power. However, this converter does 
not allow for a large enough input voltage range to meet our requirements. 
 
3. Voltage Regulator 
Voltage regulators are linear devices with output voltage directly proportional to their input 
voltage. This would not permit a fixed output voltage from a variable input source, which 
describes our objective. 
 
4. Voltage Doubler 
Similar to regulators, doublers are linear devices that would not allow us to develop a design 
that generates a fixed output voltage from a variable source.  
 
After carefully considering the pros and cons of the two design types that would meet our specifications, 
namely numbers 1 and 2 from above, we decided to design a non-isolated buck-boost converter. 
Although an isolated buck-boost converter has better output ripple characteristics, it also requires more 
parts and provides lower efficiency than a non-isolated buck-boost.  
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Non-Isolated Buck-Boost Designs Considered 
 
After choosing the non-isolated buck-boost topology, we needed to determine which available product 
would best meet our specifications and design parameters. The decision matrices in Table I and Table II 
help compare various options. 
 
Specifications 
Our decision matrix compares six different buck-boost converters on various performance parameters. 
We assign scores on a relative scale of 1-6, giving more weight to parameters more important to our 
design, such as Vin and Vout, and accordingly less weight to less critical parameters.  
 
 
Table I: Buck-Boost Converter Decision Matrix Specifications 
Chip LM5118 LTC3780 LTM4609 LTM4605 LM3478 MC3406A 
Vout 3-75V 0.8-30V 0.8-34V 0.8-16V 
varies with 
external circuitry 
varies with 
external circuitry 
Threshold 
Voltage 5V None None None None None 
Vin   3-75V 4-36V 4.5-36V 4.5-20V 2.97-40V 3-40V 
Simulation 
Tools Webench LTspice LTspice LTspice Webench Pspice 
Iout (max) 20 A 20 A 
4A (Boost) 
10A (Buck) 
5A (Boost) 
12A (Buck) 1 A (?) 1.5 A 
Additional 
Components 20 20 7 7 11 Unknown 
Frequency 
up to 500 
kHz 
200-400 
kHz 
200-400 
kHz 
200-400 
kHz 1kHz-1MHz up to 100 kHz 
Cost  $3.80  $5.47  $27.38 $26.86  $0.93  $1.59  
 
 
Output Voltage 
Vout weighs the most because we need to make sure the charge controller receives the proper voltage 
in order to charge the battery, which is at least 13.7V. 
 
Threshold Voltage 
After reviewing the previous senior project group’s report, we noticed that their LM5118 chip had a 
threshold voltage, which meant that conversion (charging the battery) could not begin until the input 
voltage surpassed this threshold. This group even explicitly suggested that future groups improve upon 
the project in this regard, hence why we give this element next priority.  
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Input Voltage 
While we want a constant Vout for a range of Vin, we also want efficient energy transfer. It would be a 
waste to select a chip with only a small range for Vin, for example the LTM4605 chip with a Vin of 4.5-
20V, because a rider can produce anywhere between about 10V to 50V, depending on how fast he or 
she pedals. If we select this chip, and the rider generates even a below-average voltage of 25V, the 
energy produced will not make its way to the battery. Therefore, we consider Vin next in significance to 
ensure that we capture as wide a voltage range as possible.  
 
Simulation Tools 
Simulating circuits, especially ones as complicated as these, can save a significant amount of time and 
materials. Many engineers wouldn’t know where to begin without robust programs such as LTspice, 
Webench, and Pspice. This shows why we give this critical constraint 15% of the total weight. Typical 
application circuits can be very complex. Rating simplicity fairly high on our scale allowed us to limit time 
wasted not only initially learning the chip’s operation, but also throughout the project we were be able 
to concentrate on progression without the burden of bridging gaps in understanding operation. 
 
Maximum Load Current 
Another problem the previous group encountered was the cut-off of output current. Lower output 
current means lower efficiency (with constant output voltage). Taking the maximum output current into 
consideration improves upon the previous design while increasing efficiency of the converter. 
 
Simplicity 
Simplicity measures the number of components the final converter needs. The benefits of this are a 
simpler circuit is easier to build and troubleshoot, as well as keeps the cost of the final product down.   
 
Frequency and Cost 
Frequency and cost did not concern us as much as the other factors did, but we included them to 
separate the favorable chips from the merely satisfactory ones. If two chips come out with the same 
score with respect to the other six categories, surely cost, if not frequency, helps us decide which chip to 
pick.   
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Scores 
The scores in Table 1B reflect the chips’ relative rankings based on the weight of each parameter, which 
is a predetermined, scaled percentage shown in parentheses next to each parameter. The results, 
contained in the last row of the table, show the highest score and therefore conclude that Linear 
Technology’s (LT’s) LTC3780 High-Efficiency, Synchronous, 4-Switch Buck-Boost Controller [7] best suits 
our design requirements. 
 
Table II: Buck-Boost Converter Decision Matrix Scores 
Chip LM5118 LTC3780 LTM4609 LTM4605 LM3478 MC3406A 
Vout (0.25) 6 6 6 6 3 3 
Threshold Voltage (0.2) 1 6 6 6 6 6 
Vin  (0.15) 6 3 2 1 5 4 
Simulation Tools (0.15) 4 6 6 6 4 1 
Iout (max) (0.1) 6 6 4 5 1 2 
Simplicity (0.1) 3 3 6 6 4 4 
Freq (0.05) 5 3 3 3 6 1 
Cost (0.05) 4 3 1 2 6 5 
Weighted Sum 4.55 5.25 5.1 5.1 4.4 3.6 
 
 
Output Voltage 
The chips in columns two through five satisfy this condition (Vout>13.7V), and the last two may as well, 
but we find this information more difficult to find and/or vague, causing a three-level drop in each of 
their Vout score. We do not give these a 1 because we do not know if they violate the condition, but we 
cannot give a score higher than a below-median score of 3 simply because of uncertainty. 
 
Threshold Voltage 
None of the chips have a threshold voltage except for the LM5118. In this case, because the issue is 
about either having a threshold or not (very bad or very good), we assigned a 1 for the worse and a 6 for 
the better. 
 
Input Voltage 
The greater the range of Vin, the higher the score.  We award the LM5118 the highest score of a 6 for its 
wide 72V range, while the LTM4605 trails with a range of 15.5V, and consequently we give it the least 
possible score of a 1. 
 
Simulation Tools  
LTspice outscores Pspice because of LTSpice’s convenient, ready-made schematics of typical 
applications. This explains LT’s chips’ higher scores. At first, National Semiconductor’s Webench online 
tool seems effortless and powerful, but after some exploring we find it a struggle with which to work.  
 
Simplicity, Maximum Load Current, Frequency, and Cost 
To sum up rows six through nine of Table II, category score increases with fewer additional components 
needed, greater maximum output current, wider frequency range, and lower cost of the chip.  
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We acquired the schematic shown in Figure 2 from page 28 of the LTC3780 datasheet [6]. It depicts a 
typical circuit application of 12 volts on the output with a full load capability of 5 amps. 
 
 
 
 
Figure 2: LTC3780 Schematic 
 
 
The regulated output can easily be changed using the equation: 
 
•   0.8 	 
1    , 
 
where resistors R2 and R1 make up the resistor feedback network, connected from the output and to 
pin 6 of the controller. In order to achieve 14 volts on the output:  
 
•   0.8 
1   
2
1   16.5 
 
Choose R1 = 7.5k, R2 = 124k 
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Development and Testing 
 
Three phases make up the buck-boost converter. We complete the simulation phase using LTSpice 
software [8] to ensure it meets our output voltage requirements and behaves as expected. Next, we 
develop a proof of concept prototype using easy-to-work-with through-hole components. After the 
proof of concept prototype, we design and build a final product on PCB using layout software and 
mostly surface mount components; this is the production version of our project. 
 
 
Simulations 
 
Using LTSpice software, we easily simulate behavior of the chip as well as measure certain key 
parameters using the test jig shown below in Figure 3. As predicted, LTSpice facilitated our simulations, 
thus verifying the high score and influence on our chip choice. 
  
 
 
 
Figure 3: LTC3780 LTSpice Test Jig 
 
 
  
Resistor Divider 
Output 
Input 
Sense Resistor 
Sets operating freq 
21 
8 
13 
14 
15 
16 
12 
5 
2 
7 
4 3 17 
11 
10 
9 
6 
18 
19 
23 
24 
1 
20 
22 
15 
 
For simulation purposes, our nominal input is 20 volts with a nominal load of 2.5 amps. Table III and 
Figure 4 show output voltage varying with load, and Table IV and Figure 5 show output voltage and 
ripple varying with input voltage.  
 
 
Table III: Simulated Vout as a Function of Load 
Vout (V) Load (A) 
13.98 5.0 
13.99 4.5 
13.99 4.0 
14.02 3.5 
14.03 3.0 
14.04 2.5 
14.04 2.0 
14.04 1.5 
14.03 1.0 
14.07 0.5 
 
 
 
Figure 4: Simulated Vout vs Load 
 
 
The following equation gives the simulation’s load regulation: 
 
  !  ""# $ % "& & $$"!' ! $ 	 100% 
= (14.07 V – 13.98 V) / 14.04 V 
= 0.64% 
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Table IV: Simulated Vout and Ripple as a Function of Vin 
Vin (V) Vout (V) Peak to Peak Ripple (V) 
4.0 13.16 0.072 
5.0 13.75 0.077 
6.0 13.78 0.065 
7.0 13.79 0.057 
8.0 13.81 0.050 
9.0 13.84 0.044 
10 13.86 0.039 
11 13.88 0.033 
12 13.90 0.022 
13 13.93 0.013 
14 13.93 0.097 
15 13.99 0.189 
16 13.97 0.016 
17 13.98 0.023 
18 13.99 0.030 
19 14.01 0.041 
20 14.03 0.035 
21 14.04 0.042 
22 14.04 0.046 
23 14.04 0.048 
24 14.01 0.057 
25 14.04 0.059 
26 14.02 0.062 
27 14.02 0.062 
28 14.07 0.078 
29 14.09 0.083 
30 14.13 0.097 
31 14.12 0.056 
32 14.17 0.077 
33 14.78 0.121 
34 15.02 0.077 
35 15.02 0.115 
36 15.11 0.527 
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Figure 5: Simulated Vout vs Vin 
 
 
The following equation gives the simulation’s line regulation: 
 
 !  !  ""#  !)$ % "& &  !)$$"!' !  !)$ 	 100% 
= (15.11 V – 13.16 V) / 14.03 V 
= 13.89% 
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Design Cycle 1: Prototype Build 
 
We initially planned to design our first prototype on a breadboard similar to the ones used in lab 
experiments. However, we ran into a few problems once we began construction. First, when we 
received the components we realized the leads on the inductor and sense resistor did not fit into the 
standard holes found on breadboards. Second, we measured the resistance between the breadboard’s 
pins and determined it was rather large, especially when compared to our sense resistor of 0.01 ohms. 
This would most likely have adverse effects on our circuit performance. Finally, we discovered that the 
current ratings of the connections within the breadboard would not withstand the large amounts of 
current that flow through our circuit. In light of these shortcomings, we soldered the components 
directly onto a perforated board instead. Figure 6 and Figure 7 show our first prototype with key 
components/areas highlighted. Note:  the LTC3780 labels show the chip’s location before we removed 
it. Table V lists the initial test results, and Figure 8 displays these results graphically. Unfortunately, the 
prototype did not behave like the simulations; the circuit only regulated within a small input voltage 
range (approximately 6 to 16 volts). 
 
 
 
 
Figure 6: Design Cycle 1 Prototype (Top View) 
2 uH Inductor 
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Figure 7: Design Cycle 1 Prototype (Bottom View) 
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Table V: Prototype Vout vs Vin 
Vin (V) Vout (V) 
5.0 4.400 
6.0 13.76 
7.0 13.85 
8.0 13.80 
9.0 13.80 
10 13.78 
11 13.75 
12 13.75 
13 13.85 
14 13.99 
15 14.02 
16 14.60 
17 15.60 
18 15.80 
19 15.91 
 
 
 
 
Figure 8: Prototype Vout vs Vin 
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The following equation gives the prototype’s line regulation. We treat points where we lose regulation 
as outliers, thereby excluding them from the calculation. 
 
 !  !  ""#  !)$ % "& &  !)$$"!' !  !)$ 	 100% 
= (15.8 V – 13.76 V) / 13.99 V 
= 14.58% 
 
We built the proof of concept prototype using perf-board and wire wrap techniques. We did so to cut 
costs associated with going straight into a PCB design as well as to lower the number of solder 
connections needed. However, this introduced numerous unanticipated problems. 
 
Our group made most of the connections using point-to-point wire wrap, but these were not entirely 
effective. The wire breaks easily when making connections, the contacts aren’t always reliable, and 
tracking down loose connections is extremely difficult. Also, the datasheet recommends mostly surface-
mount components, so we were forced to find comparable through-hole parts to build our perforated 
board prototype. Finally, the layout of parts is extremely important, so much so that LT provides 
component layouts, and we were forced to deviate from these recommendations using the parts we 
had available.  
 
Despite these three factors that made our prototype ineffective, we managed to achieve regulation for a 
10-volt input range that successfully demonstrated the three modes of our converter: buck, boost, and 
buck-boost. 
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We ordered most of our parts online from Mouser Electronics [9]. Table VI lists the bill of materials for 
our prototype. 
 
 
Table VI: Prototype Bill of Materials 
Reference Description Cost (Dollars) 
C1 Capacitor, 4.7uF  0.39 
C2 Capacitor, 100uF  0.26 
C3 Capacitor, 100nF  0.16 
C4 Capacitor, 100nF  0.16 
C5 Capacitor, 1nF  0.38 
C6 Capacitor, 2.2nF  0.32 
C7 Capacitor, 10nF  0.16 
D1 Diode  0.30 
D2 Diode  0.30 
D3 Diode  0.30 
D4 Diode  0.30 
L1 Inductor, 2uH  2.00 
Q1 MOSFET  1.67 
Q2 MOSFET  1.67 
Q3 MOSFET  1.67 
Q4 MOSFET  1.67 
R1 Resistor, 7.5k  0.18 
R2 Resistor, 124k, 1%, 0.1W  0.18 
R3 Resistor, 10m  0.18 
R4 Resistor, 20k  0.18 
R5 Resistor, 10k  0.18 
Rload Resistor, 5  0.18 
LTC3780 Integrated Circuit  5.47 
TOTAL $18.01 
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Design Cycle 2: PCB Build 
 
Our next design cycle involves designing a PCB version of our buck-boost converter. To do this, we use 
ExpressPCB software [10]; ExpressPCB also fabricated our boards. Figure 9 shows our first layout 
iteration. 
 
This design was more to get a feel for the software. It does not take into account trace width current 
capacity and other critical considerations such as planes for the input and output and component 
placement. 
 
 
 
 
Figure 9: Initial PCB Layout 
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However, our second layout iteration shown in Figure 10 does take into account these factors, as well as 
makes use of dedicated planes for the input, output, and switching nodes to help eliminate noise.  
 
 
 
 
Figure 10: Final PCB Layout 
 
 
The performance of our converter greatly improved as a result of building it on a PCB using surface- 
mount components. Specifically, we saw improvements in line regulation, load regulation, and efficiency 
across the entire input range. We found it was also more convenient and much easier to troubleshoot, 
having printed traces rather than using wire wrap. The selected data in Table VII shows the improved 
operation of the converter, and more complete data can be found in Appendix B. 
 
Table VII: Select Final Design Data 
Mode Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Efficiency (%) 
Boost 8.0 4.76 13.47 2.5 38.08 33.675 88.43 
Boost 9.0 4.10 13.48 2.5 36.90 33.700 91.33 
Boost 10 3.65 13.49 2.5 36.50 33.725 92.40 
Boost 12 2.97 13.51 2.5 35.64 33.775 94.77 
Buck-boost 13 2.73 13.51 2.5 35.49 33.775 95.17 
Buck-boost 14 2.55 13.52 2.5 35.70 33.800 94.68 
Buck 15 2.33 13.53 2.5 34.95 33.825 96.78 
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Table VIII and Figure 11 show our final design’s output voltage with respect to different loads with Vin at 
12 volts, and Figure 12 shows the final design’s output voltage with respect to different input voltages at 
1.5 amps. Figure 13 shows the efficiency of our final converter. 
  
 
Table VIII: Final Design Load Regulation 
 
Vin (V) Vout (V) Load (A) 
12 13.80 0.0 
12 13.78 0.5 
12 13.72 1.0 
12 13.65 1.5 
12 13.58 2.0 
12 13.51 2.5 
 
 
 
Figure 11: Final Design Load Regulation 
 
 
We obtain our final design’s load regulation using the following equation: 
 
  !  ""# $ % "& & $$"!' ! $ 	 100% 
= (13.80 V – 13.51 V) / 13.65 V 
= 3.74% 
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Figure 12: Final Build Vout vs Vin 
 
 
We obtain our final design’s line regulation using the following equation: 
 
 !  !  ""#  !)$ % "& &  !)$$"!' !  !)$ 	 100% 
= (13.53 V – 13.47 V) / 13.51 V 
= 0.44% 
 
Figure 13 shows our converter performs at efficiencies higher than 88% across its three different modes 
of operation.  
 
 
 
Figure 13: Final Design Efficiency 
27 
 
Figure 14 shows the final converter with key components highlighted. The final build successfully meets 
all of our design specifications. Namely, we were able to achieve regulation across the entire range of  
4-36V, and the converter was capable of driving loads up to 5 amps without requiring any external 
power inputs. 
 
 
 
 
Figure 14: Final PCB Design 
 
 
Table IX shows the final cost of the converter excluding the cost of labor. We estimate the cost of labor 
for two engineers working for approximately 800 hours to be roughly $12,800.00. Including labor costs, 
the final total cost of the converter and its design is $12,884.67.   
 
  
Input plane 
Inductor 
Output plane Qa 
LTC3780 
Qb Qc 
Qd 
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Table IX: Final Design Bill of Materials 
Reference Value Price Per Unit (Dollars) Quantity Total Price (Dollars) 
Ca 0.22uf 0.30 2 0.60 
Cb 0.22uf 0.30 2 0.60 
Cc1 0.01uf 0.14 2 0.28 
Cc2 47pf 0.11 2 0.22 
Cf 0.1uf 0.05 2 0.10 
Cin 22uf 0.13 2 0.26 
Cin1 3.3uf 0.39 2 0.78 
Cin2 3.3uf 0.39 2 0.78 
Cin3 3.3uf 0.39 2 0.78 
Cout 330uf 0.34 2 0.68 
Cout1 22uf 0.58 2 1.16 
Cout2 22uf 0.58 2 1.16 
Cout3 22uf 0.58 2 1.16 
Csense 68pf 0.19 2 0.38 
Css 0.022uf 0.15 2 0.30 
Cstby 0.01uf 0.06 2 0.12 
Cvcc 4.7uf 0.50 2 1.00 
D1 B0540W 0.42 2 0.84 
D2 B0540W 0.42 2 0.84 
Da B340W 0.53 2 1.06 
Db B340W 0.53 2 1.06 
L 4.7uh 0.70 2 1.40 
QA Si7884DP 2.45 1 2.45 
QB Si7884DP 2.45 1 2.45 
QC Si7884DP 2.45 1 2.45 
QD Si7884DP 2.45 1 2.45 
R1 8.06k 0.10 2 0.20 
R2 120k 0.10 2 0.20 
Rc 100k 0.09 2 0.18 
Rin 10 0.05 2 0.10 
Rpll 10k 0.05 2 0.10 
Rpu 1k 0.05 2 0.10 
Rs+ 100 0.05 2 0.10 
Rs- 100 0.05 2 0.10 
Rsense 9m 0.88 2 1.76 
U1 LTC3780 5.47 1 5.47 
PCB ExpressPCB 17.00 3 51.00 
TOTAL  $84.67 
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System Integration 
 
Note: we needed to add some components after photographing the board (as shown in Figure 15) when 
integrating the converter. Outside of the actual application of our converter, we were able to power the 
RUN pin (pin 8) of the LTC3780 that requires 2-6V with an external power supply. However, this 
requirement would be a large limitation in practice. Therefore, we added a Zener diode to supply a 
constant voltage to pin 8. 
 
After successfully testing our converter to ensure that it met all of our design requirements, we 
attempted to integrate it into the exercise bike system. Our project went between the DC output 
voltage generated by the exercise bike and the input to the charge controller. While we were successful 
in outputting the voltage required by the charge controller to charge the battery, we encountered a few 
unexpected issues which can be improved upon in future designs.  
 
Current 
The largest problem we ran into was that the bike can easily source currents exceeding our circuit’s 
current rating of 5 amps, and as a result, blew the 5-amp input protection fuse. This can be remedied by 
enlarging the PCB trace widths to handle higher currents as well as sizing up the Schottky diodes and the 
inductor on the converter. The other components of the converter are capable of handling up to 30 
amps, so there would be no need to replace those. Future designers might additionally need to consider 
thermal dissipation as a result of these higher currents. 
 
Rider Experience 
At the onset of the project, one of our primary constraints was that the addition of the electrical system 
should not alter the exercise experience. However, after implementing our design, there is a noticeable 
difference in the resistance the rider encounters as a result of generating the electrical energy. This is to 
be expected because as the user pedals and generates more electrical energy, more mechanical energy 
needs to be converted as a direct result of the conservation of energy laws of physics. This mechanical 
energy comes in the form of increased resistance on the exercise bike’s flywheel.  
 
Converter Housing 
In order to successfully integrate an electrical project like ours into a large mechanical system like the 
bike project, it needs to be housed in a protective chassis capable of handling inevitable bumps as a 
rider pedals the bike. When designing a chassis for this purpose, thermal considerations need to be 
taken into account to ensure the electronic system does not overheat to guarantee longevity and 
reliability.  
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Conclusions and Recommendations 
 
 
Conclusions 
It was out goal to improve upon the DC-DC converter previously developed for the bike system. Namely, 
our specific goals were to eliminate the input threshold voltage of 8 volts the previous converter 
required, as well as be able to continue regulating at loads higher than 2 amps. We met these 
objectives, and the new DC-DC converter begins regulating the output as soon as 4 volts is applied 
across the input. Our new design is also capable of driving loads up to 5 amps, which translates into a 
converter that delivers more power to the load.  
 
The few shortcomings of our project are mostly due to current limitations. What we failed to account for 
was that at full load and minimum input voltage, the converter is going to need to draw close to 20 
amps to be able to properly boost the output voltage. This is a result of conservation of power: Pin 
ideally should equal Pout. If the converter was given an input voltage of 4 volts, and was operating at a 
full load of 5 amps with a desired output voltage of about 14 volts, then output power is 70 watts. To 
produce 70 watts, the input current would have to be 17.5 amps (close to 20). 
 
In order to correct this, future groups will need to design the circuit to have higher current capabilities 
as well as scale up some components. Additional future projects can be to change the DC output voltage 
so the design can be properly interface with an AC inverter to deliver power back to the AC grid, as well 
as a sturdy housing for the circuitry.  
 
Finally, we believe the total cost of our product, not including labor, is cheap enough to be economically 
viable to produce on a larger scale to be implemented on modified exercise machines allowing for 
successful energy harvesting from exercise machines.  
 
 
Recommendations 
Before attempting to deliver power to the grid, future groups should find a DC-DC converter that can 
supply a constant voltage to the battery with components rated at a higher current than five amps. 
Finding this level of current requires careful characterization of each element of the system. We 
recommend that the next group finds the following: maximum output voltage and current of the bike, 
input and output voltage and current of the charge controller, and the battery’s input voltage as well as 
current that a totally discharged battery will attempt to draw from the rest of the system. 
 
As stated previously, the DC-DC converter is an intermediate step. Before moving on to converter 
design, EHFEM should focus on keeping the rider’s experience the same—as if the energy-harvesting 
modules do not exist. 
 
Future groups may also want to look at the senior project by Justin Arakaki, Martin Kou, Praveen 
Lawrence, and Audrey Nakamura, completed in Spring 2010, to find out how this individual system will 
fit into EHFEM’s overall project upscale. 
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Appendix A: Gantt Charts 
 
 
Figure 15 and Figure 16 respectively display our planned and actual timeline. We used Microsoft Project 
[11] to complete our Gantt charts. 
  
 
 
 
Figure 15: Projected Project Gantt Chart 
 
 
 
 
Figure 16: Actual Project Gantt Chart 
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Appendix B: Final Design Data 
 
 
Table X thru Table XIII show data from our final design at different load currents, from 0.5 amps to 2 
amps in increments of 0.5 amps. 
 
 
Table X: Final Design Data, 0.5 Amp Load 
 
Mode Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Efficiency (%) 
Boost 8 0.981 13.76 0.5 7.848 6.88 87.66565 
Boost 9 0.862 13.77 0.5 7.758 6.885 88.74710 
Boost 10 0.76 13.77 0.5 7.6 6.885 90.59211 
Boost 12 0.614 13.78 0.5 7.368 6.89 93.51249 
Buck-boost 13 0.571 13.79 0.5 7.423 6.895 92.88697 
Buck-boost 14 0.533 13.8 0.5 7.462 6.9 92.46851 
Buck 15 0.492 13.8 0.5 7.38 6.9 93.49593 
 
 
Table XI: Final Design Data, 1.0 Amp Load 
 
Mode Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Efficiency (%) 
Boost 8 1.88 13.7 1 15.04 13.7 91.09043 
Boost 9 1.65 13.7 1 14.85 13.7 92.25589 
Boost 10 1.46 13.71 1 14.6 13.71 93.90411 
Boost 12 1.19 13.72 1 14.28 13.72 96.07843 
Buck-boost 13 1.1 13.72 1 14.3 13.72 95.94406 
Buck-boost 14 1.03 13.73 1 14.42 13.73 95.21498 
Buck 15 0.964 13.73 1 14.46 13.73 94.95159 
 
Table XII: Final Design Data, 1.5 Amp Load 
Mode Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Efficiency (%) 
Boost 8 2.79 13.63 1.5 22.32 20.445 91.59946 
Boost 9 2.46 13.64 1.5 22.14 20.46 92.41192 
Boost 10 2.19 13.64 1.5 21.9 20.46 93.42466 
Boost 12 1.78 13.65 1.5 21.36 20.475 95.85674 
Buck-boost 13 1.65 13.66 1.5 21.45 20.49 95.52448 
Buck-boost 14 1.54 13.67 1.5 21.56 20.505 95.10668 
Buck 15 1.43 13.67 1.5 21.45 20.505 95.59441 
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Table XIII: Final Design Data, 2 Amp Load 
Mode Vin (V) Iin (A) Vout (V) Iout (A) Pin (W) Pout (W) Efficiency (%) 
Boost 8 3.76 13.56 2 30.08 27.12 90.15957 
Boost 9 3.29 13.56 2 29.61 27.12 91.59068 
Boost 10 2.92 13.57 2 29.2 27.14 92.94521 
Boost 12 2.38 13.58 2 28.56 27.16 95.09804 
Buck-boost 13 2.19 13.58 2 28.47 27.16 95.39867 
Buck-boost 14 2.05 13.59 2 28.7 27.18 94.70383 
Buck 15 1.9 13.59 2 28.5 27.18 95.36842 
 
 
 
